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ABSTRACT: A stimuli-responsible reversible structural transformation is of key importance in biological systems. We now report 
a unique water-mediated reversible transformation between three discrete double-stranded dinuclear titanium(IV) achiral meso- and 
chiral racemo (rac)-helicates linked by a mono-µ-oxo or a bis(µ-hydroxo) bridge between the titanium ions through hydra-
tion/dehydration or its combination with a water-mediated dynamic cleavage/reformation of the titanium-phenoxide (Ti-OPh) 
bonds. The bis(µ-hydroxo) bridged titanium(IV) meso-helicate prepared from two tetraphenol strands with titanium(IV)oxide was 
readily dehydrated in CD3CN containing a small amount of water upon heating accompanied by Ti-OPh bonds cleav-
age/reformation catalyzed by water, resulting in the formation of the mono-µ-oxo bridged rac-helicate, which reverted back to the 
original bis(µ-hydroxo) bridged meso-helicate upon hydration in aqueous CD3CN. These reversible transformations between the 
meso- and rac-helicates were also promoted in the presence of a catalytic amount of an acid, which remarkably accelerated the re-
actions at lower temperature. Interestingly, in anhydrous CD3CN, the bis(µ-hydroxo) bridged meso-helicate was further slowly 
converted to a different helicate, while maintaining its meso-helicate framework, namely, the mono-µ-oxo bridged meso-helicate, 
through dehydration upon heating and its meso-to-meso transformation was significantly accelerated in the presence of cryptand 
[2.2.1], which contributes to removing Na+ ions coordinated to the helicate. Upon cooling, the backward meso-to-meso transfor-
mation took place via hydration. Hence, three different, discrete double-stranded chiral racemo- and achiral meso-titanium(IV) hel-
icates linked by a mono-µ-oxo or a bis(µ-hydroxo) bridge were successfully generated in a controllable manner by a change in the 
water content of the reaction media. 

Introduction 
The metal-directed self-assembly of organic molecules is one 
of the most powerful strategies to construct structurally well-
defined supramolecular architectures, such as cages,1-9 macro-
cycles,6,7,10,11 and helices.1,12-18 Some of them can be trans-
formed into other different structures and conformations in-
cluding the inversion of the helicity19-21 in response to external 
stimuli thanks to their dynamic coordination bonds.22 Among 
such self-assembled dynamic supramolecules, double- and 
triple-stranded helicates formed through metal coordination-
driven self-assembly have become one of the most fascinating 
and popular structural motifs since the seminal work by Lehn 
and coworkers.12 This is because double- and triple-stranded 
helicates resemble biological helices, such as the DNA dou-
ble-helix and the collagen triple-helix, and further possess 
potentials for developing intelligent molecular machines with 
nanomechanical functions, such as stimuli-responsible molec-
ular springs showing reversible extension and contraction mo-
tions.23-36 Helicates with a controlled handedness also have the 
potential as a promising asymmetric catalyst.37 In contrast to 
the state-of-the-art asymmetric supramolecular catalysts,38 
there are only a few examples of optically active helicate-

based asymmetric catalysts, which consist of enantiopure lig-
ands coordinating to transition metals.39-41 
   In early studies, we reported a series of unique spiroborate-
based helicates,29-33,37 such as a double-stranded racemo (rac)-
helicate (rac-DH1BNaB-·Na+) composed of two anionic spi-
roborate groups doubly bridged by two ortho-linked tetra-
phenol strands with a biphenylene unit in the middle. The neg-
atively-charged helicate encapsulates a Na+ ion within its cen-
tral cavity, thereby forming a contracted helicate (Figure 1a).29 
The central Na+ ion embedded within the contracted helicate 
can be replaced with other series of monovalent cations, such 
as alkali metals, Ag+, and NH4

+ ions of different sizes. Some 
of the metal ions (Li+, Na+, K+, and Ag+) can be completely 
extracted by the addition of a suitable cryptand as a strong 
receptor for each metal ion, which enables the formation of the 
dianionic extended helicate (rac-DH1BB2-), thus leading to 
extension-contraction motions accompanied by a unidirection-
al twisting motion upon the release and binding of the mono-
valent cations (Figure 1a).32 Recently, we found that a non-
helical extended meso-helicate (meso-DH1BB2-·(TBA+)2) 
(TBA: tetrabutylammonium) quantitatively converted into the 
contracted rac-helicate in the presence of Na+ ions and water. 
The Na+ ions served as a template for stabilizing  
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Figure 1. (a) Schematic illustration of the unidirectional spring-like motion of double helical rac-DH1BMB– upon M+-ion release and bind-
ing (M+ = Li+, Na+, K+, and Ag+). (b) Na+-ion-templated conversion of a spiroborate-based double-stranded meso-helicate (meso-DH1BB2–

·(TBA+)2) into its racemo-helicate (rac-DH1BNaB–·X+) (X = Na+ or TBA+) in the presence of H2O. (c) Synthesis of double-stranded titani-
um(IV) racemo- (rac-2a2–·(Na+)2) and meso- (meso-2b2–·(Na+)2) helicates. (d) Transformation between meso-2b2–·(Na+)2 and meso-2c2–

·(Na+)2 in the absence of H2O and presence of cryptand [2.2.1]. (e) Schematic illustration of water-mediated reversible three-state structur-
al changes between titanium(IV) meso- and racemo-helicates upon heating or cooling. 
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the contracted rac-helicate during a reversible water-mediated 
B–O bond cleavage/reformation reaction that occurred at the 
spiroborate moieties (Figure 1b).32 
   Considering the characteristic structure of rac-DH1BNaB-·Na+ 
consisting of two spiroborate residues doubly bridged by two 
tetraphenol strands (L1, Figure 1c), we envisioned that the two 
borate ions would be replaced by titanium (Ti(IV)) ions, thus 
forming similar dinuclear Ti(IV)-bound rac- and/or meso-
helicates. This working hypothesis is supported by the facts 
that a large number of double- and triple-stranded dinuclear 
Ti(IV) rac- and meso-helicates and helicate-like Ti(IV) com-
plexes has already been prepared mostly using oligomers of 
phenol derivatives or its analogues including catechol, amino-
phenol, and benzene-o-dithiol linked by non-aromatic flexible 
linkers as ligands.1,16,21,42-51 However, dinuclear Ti(IV) heli-
cates composed of fully aromatic oligophenol ligands like L1 
are limited to a few examples.52-54 The structures of the dou-
ble-stranded dinuclear Ti(IV) helicates synthesized to date are 
primarily different from typical helicates self-assembled from 
oligomers of bipyridine with copper(I), iron(II), etc., such that 
the two Ti(IV) ions are often linked by one or two bridging 
ligands, such as µ-oxo,55,56 µ-hydroxo,45,48 and µ-alkoxy 
groups.48,49,57 
    Hiratani and coworkers reported an intriguing water-
mediated transformation of a mono-µ-oxo bridged Ti(IV) rac-
helicate composed of Schiff base dimers into its bis(µ-oxo) 
bridged meso-helicate as revealed by X-ray crystal structures, 
which was, however, not reversible and their structures in 
solution were not elucidated because of their high sensitivity 
to moisture.55 On the other hand, Albrecht and coworkers re-
ported a series of structurally well-defined double- and triple-
stranded Ti(IV) helicates16,17,42,44,47-49,58,59 and recently demon-
strated an elegant example of an ion-triggered three-state, ste-
reochemical molecular switch of a triple-stranded dinuclear 
Ti(IV) helicate consisting of three optically-active 
bis(catechol) ligands, showing reversible inversion of the he-
licity coupled with the elastic motion of the helicate.21 Surpris-
ingly, however, there are no examples of optically-active di-
nuclear Ti(IV)-based helicates showing an optical activity 
solely due to their helicity.18 A large number of optically ac-
tive Ti(IV)-based helicates has been reported so far, but they 
are composed of optically pure ligands21,49,60,61 or induced by 
chiral additives,54 resulting in the formation of a thermody-
namically stable either a right- or left-handed diastereomeric 
helicate. This is due to a kinetically labile nature of Ti(IV) 
ions as reported by Albrecht.21,44,59 
    We now report a unique water-mediated, reversible control 
of three-state helicates based on unique structural transfor-
mations between three discrete double-stranded dinuclear 
Ti(IV) chiral rac- and achiral meso-helicates (rac-2a2-·(Na+)2, 
meso-2b2-·(Na+)2, and meso-2c2-·(Na+)2) possessing a mono-µ-
oxo or a bis(µ-hydroxo) linker that bridges the two Ti(IV) ions 
(Figure 1c,d). This three-state molecular transformation relies 
on reversible hydration/dehydration reactions that occur be-
tween the two Ti(IV) centers or its combination with a water-
mediated dynamic cleavage/reformation reaction of the Ti-
phenoxide (Ti-OPh) bonds upon heating or cooling (Figure 1e). 
These reactions are susceptible to the water content in the re-
action media. Hence, these structurally well-defined helicates 
can be transformed into one another in a selective manner by 
only changing the water content. Although a number of stimu-
li-responsive/triggered reversible structural transformations 

has been reported in polymeric and supramolecular helical 
systems,21,29,37 reversible multiple transformation of helical 
systems controlled by a water content is unique and has not 
been reported. We also describe the first isolation of an opti-
cally active dinuclear Ti(IV)-based helicate composed of achi-
ral components and reversible transformations between the 
rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 helicates that are possi-
ble using a catalytic amount of an acid at lower temperature. 

RESULTS AND DISCUSSION 
Synthesis of Double-Stranded Dinuclear Helicates. The 
reaction of the tetraphenol ligand L1 with titanium(IV)oxide 
bis(acetylacetonate) (TiO(acac)2) (1 equiv) in the presence of 
sodium carbonate (1 equiv) in CH3CN at 80 °C under N2 af-
forded a crude mixture of 2a2-·(Na+)2 and 2b2-·(Na+)2, which 
were then purified and isolated as a yellow solid by the com-
bination of repetitive filtration and reprecipita-
tion/recrystallization procedures (Scheme S1) (for more details, 
see the Supporting Information (SI)). The isolated helicates 
2a2-·(Na+)2 and 2b2-·(Na+)2 were characterized and identified 
by 1H and 13C NMR (Figures S2 and S3), single-crystal X-ray 
diffraction (Figures S19 and S20), and cold-spray ionization 
(CSI) mass spectrometry (Figure S6) analyses. 
 
Structural Analysis of 2a2- and 2b2- Helicates. The racemo-
structure of 2a2- was determined by the X-ray crystallographic 
analysis of the single crystals of 2a2-·((S)-3+)2 (3+: N,N,N-
trimethyl-1-(naphthalene-1-yl)ethan-1-ammonium) obtained 
by slow evaporation of a solution of 2a2-·(Na+)2 with a large 
excess of the optically-pure (S)-3+·I- in CH3CN (Figures 2a 
and S19), which revealed that 2a2-·((S)-3+)2 adopts a mixture 
of double-stranded right- and left-handed racemic helical 
structures with a psudo-D2-symmetry even in the presence of 
optically-pure (S)-3+ counter cations. The two ligand strands 
are intertwined with each other bridged by two Ti(IV) ions 
connected by a single µ-oxo ligand to form an almost linear 
Ti–O–Ti geometry (bond angle = ca. 175°) with a Ti–Ti dis-
tance of 3.6 Å and the twist angle between the two terminal 
benzene rings of each strand of ca. 269° (Figure 2a and Table 
1). The Ti–Ti distance and Ti–O–Ti bond angle observed in 
the crystal structure of rac-2a2- are almost identical to those of 
the reported mono-µ-oxo bridged dinuclear Ti(IV) complex.56 
    In contrast to the double-helical structure of rac-2a2-, the 
single-crystal structure of 2b2-·(Na+)2 showed a non-helical 
double-stranded meso-structure with an approximate C2h-
symmetry, in which the two Ti(IV) ions are doubly bridged by 
two µ-hydroxo groups to form a rhombic four-membered 
[Ti2(µ-OH)2] ring in the core and each Na+ ion is coordinated 
by three oxygen atoms of the µ-OH and two phenoxide groups 
(Figures 2b and S20). Because of the bis(µ-hydroxo) bridged 
meso-structure of 2b2-·(Na+)2 with a mirror plane, the configu-
rations (D or L) of the hexa-coordinated Ti(IV) stereocenters 
are opposite to each other. The two biphenylene units in the 
middle of the strands take a nearly planar conformation (ca 
±5.0°) and are parallel to each other. Hence, the twist angle 
between the two terminal benzene rings of each strand is al-
most zero (±1°). The Ti–Ti distance and Ti–O–Ti bond angle 
of meso-2b2-·(Na+)2 are ca. 3.4 Å and 111°, respectively (Ta-
ble 1), whereas those of the analogous double-stranded dinu-
clear Ti(IV) complexes linked by a bis(µ-OR) bridge (R = 
H,45,48 none,55 or alkyl48,49,57) are varied depending on their 
structural rigidity and/or bulkiness of the component strands. 
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Figure 2. Capped-stick representations of the X-ray crystal structures of rac-2a2–·((S)-3+)2 (a) and meso-2b2–·(Na+)2 (b) and the energy-
minimized structure of meso-2c2– (c) obtained by the DFT calculation (side and top (bottom) views). All the hydrogen atoms, ammonium 
cations (a), and solvent molecules are omitted for clarity. 
 
Table 1. Bond Distances (dB-B or dTi-Ti) between Two Boron or Titanium Atoms, Bond Angles, Dihedral Angles, and Twist 
Angles of the Crystal Structures of Right-Handed (P)-rac-DH1BNaB–, meso-DH1BNaB2–, (P)-rac-2a2–, and meso-2b2– and the 
DFT-Calculated Energy-Minimized Structures of (P)-rac-2a2–, meso-2b2–, meso-2c2–, and (P)-rac-2d2– 

helicate method dB-B or dTi-Ti (Å) ½bond angle½ (deg) ½dihedral angle½ (deg) twist angle (deg)a 

contracted rac-DH1BNaBb X-ray 6.0b – 42.8c,d 285c 

extended meso-DH1BB2–c X-ray 11.8d – 79.9c,d ±17.5c 

rac-2a2–·((S)-3)2 X-ray 3.6 175e 40.8f 269 

meso-2b2–·(Na+)2 X-ray 3.4 111g 5.0f ±1 

rac-2a2–h [DFT] [3.6]i [179]e,i [43.3]f,i [265]i 

meso-2b2–h [DFT] [3.3]i [110]gij [15.4]f,i [±5]i 

meso-2c2–h [DFT] [3.6]i [176]f,i [23.0]f,i [±12]i 

rac-2d2–h [DFT] [3.3]i [108]g,i [57.4]f,i [295]i 
aTwist angles between the two terminal benzene rings (R1 and R6, Ra and Rf) of each strand (see Table S3). bTaken from ref 29. cTaken 
from ref 32. dAverage absolute values. eAbsolute values of Ti1-O5-Ti2. fAverage absolute values of R3-R4 and Rc-Rd. gAverage absolute 
values of Ti1-O5-Ti2 and Ti1-Oe-Ti2. hDFT calculations were carried out without a non-entrapped counter cation. iThe values in parentheses 
were obtained from the DFT-calculated structures. For more detailed structural data, see Table S4. 

All of the reported bis(µ-OR) bridged dinuclear metal com-
plexes and dimers of mononuclear complexes are reported to 
adopt a meso-structure with the opposite configurations at the 
metal stereocenters to each other,45,48,49,55,57 whereas the mono-
µ-oxo bridged dinuclear metal complexes adopt either a rac- 

or meso-structure.55,56 The observed meso-structure preference 
for the bis(µ-OR)-bound metal complexes is most likely due to 
a hexa-coordinated, octahedral geometry around the two bis(µ-
OR) bridged metal ions, thereby forming an energetically-
favorable meso-structure.  
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Figure 3. (a-c) 1H NMR spectra (500 MHz, CD3CN, 0.50 mM, 25 °C) of L1 (a), rac-2a2–·(Na)2 (b), and meso-2b2–·(Na)2 (c). (d) 1H NMR 
spectral changes of the bridged µ-hydroxo (OH) protons of meso-2b2–·(Na+)2 (500 MHz, DMSO-d6 containing > ca. 130 equiv of H2O, 0.5 
mM, rt) due to hydrogen/deuterium (H/D) exchange in the presence of an increasing amount of CD3OD: [CD3OD]/[meso-2b2–·(Na+)2]0 = 0 
(i), 634 (ii), 2530 (iii), and 6340 (iv) (top). Plot of the molar fraction of the bridged µ-hydroxo (OH) protons of meso-2b2–·(Na+)2 versus 
[CD3OD]/[meso-2b2–·(Na+)2]0 (0–6340 equiv). 

These observations are in good agreement with the present 
rac-2a2- and meso-2b2- helicate structures. 
    The high-resolution negative mode CSI mass spectra of rac-
2a2-·(Na+)2 and meso-2b2-·(Na+)2 exhibited molecular peaks 
due to the monovalent anions of [2a2- + Na+]- and [2b2- + Na+]- 
centered at m/z 1619.89 and 1637.90, respectively, with ap-
proximately 18 (m/z) mass difference corresponding to one 
water molecule (Figure S6). These results support the mono-µ-
oxo and bis(µ-hydroxo) bridged rac-2a2- and meso-2b2- heli-
cate structures, respectively, which were retained in solution. 
    The 1H NMR spectra of rac-2a2-·(Na+)2 and meso-2b2-

·(Na+)2 in CD3CN displayed one set of signals due to their 
pseudo-D2- and C2h-symmetric structures, respectively, as 
expected from their crystal structures (Figure 3b,c). However, 
the bridged µ-hydroxo (OH) protons of meso-2b2-·(Na+)2 
could not be observed probably because of significant broad-
ening of the OH protons due to a relatively slow exchange 
between the coordinated and dissociated Na+ ion species in 

CD3CN on the NMR time scale (Figure 3c). In fact, the 
bridged µ-OH signals appeared as a sharp singlet at 4.96 ppm 
in DMSO-d6 and CD3CN in the presence of cryptand [2.2.1] (4 
equiv), which trapped the Na+ ions, resulting in the complete 
release of the Na+ ions from the meso-2b2-. The peak intensity 
of the bridged µ-OH decreased with the increasing amount of 
CD3OD in DMSO-d6 due to the hydrogen/deuterium (H/D) 
exchange and did not change in the presence of a large excess 
amount of CD3OD after 66.5 h, while the other signals re-
mained unchanged (Figures 3d and 6a). 
    The aromatic protons (Ha and Hb) on the terminal benzene 
rings of the rac-2a2- and meso-2b2- helicates were significantly 
shifted upfield as compared to those of the corresponding lig-
and L1 due to the ring current effect of the phenyl rings of the 
biphenyl linker of the other strand (Figure 3a-c). In contrast, 
the aromatic protons (Hi) at the ortho-position of the biphenyl 
linkers were shifted downfield most likely due to the CHi···O 
hydrogen bonds with the oxygen atom of the terminal benzene 
ring of the other strand for rac-2a2-·(Na+)2 (H···O distance = 
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2.8 Å) and those with the oxygen atom of the adjacent benzene 
ring of the same strand for meso-2b2-·(Na+)2 (H···O distance = 
2.3 – 2.4 Å)62 (Figures 3a-c and S22a,b) (for complete signal 
assignments, see COSY and NOESY spectra (Figures S23−
S27 for rac-2a2-·(Na+)2 and Figures S28−S34 for meso-2b2-

·(Na+)2)). These observations are consistent with their crystal 
and density functional theory (DFT) calculated structures 
(Figures 2a,b, S21a,b, and S22a,b). 
 
Thermal Transformation between Racemo-2a2- and Meso-
2b2- Helicates. Comparison of the structures of rac-2a2-·(Na+)2 
and meso-2b2-·(Na+)2 with an approximate 18 (m/z) mass dif-
ference indicated a reversible water-mediated transformation 
between rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 would be possi-
ble through hydration/dehydration reactions, which requires 
cleavage/reformation of the Ti-OPh bonds catalyzed by water 
because of rearrangement of the coordination geometry of the 
Ti(IV) ions. We envisioned that such a water-mediated trans-
formation between rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 can 
be controlled in a switch-like manner by a change in the water 
content in the reaction media. In fact, when a solution of me-
so-2b2-·(Na+)2 in CD3CN in the presence of ca. 10 equiv of 
water was heated to 75 °C,63 the meso-2b2-·(Na+)2 was gradu-
ally converted to the rac-2a2-·(Na+)2, reaching an almost equi-
librium state after 330 min (meso : racemo = 22:78) (Figures 
4B, Da, and S7). The forward (k) and reverse (k-1) reaction rate 
constants were estimated to be 1.15 × 10-4 and 2.38 × 10-5 s-1, 
respectively, based on the nonlinear least-squares curve fitting 
of the NMR spectral changes, leading to an equilibrium con-
stant (K = k1/k-1

 = 4.83). The meso : racemo ratio was then 
calculated to be 17:83 at equilibrium, which is reasonably 
consistent with the observed ratio (22:78) (Figure 4D). As a 
result, the achiral meso-2b2-·(Na+)2-to-chiral rac-2a2-·(Na+)2 
configurational transformation took place through dehydration 
coupled with a water-mediated cleavage/reformation of the 
covalent Ti-OPh bonds catalyzed by a slight excess of water in 
CD3CN with neither no byproduct formation nor decomposi-
tion (Figure 4B). 
    In the presence of a large excess of water (>1000 equiv of 
water), the rac-2a2-·(Na+)2 was readily transformed into meso-
2b·(Na+)2 through hydration accompanied by the Ti-OPh bond 
cleavage/reformation in CD3CN at 75 °C, reaching an equilib-
rium within 30 min (racemo : meso = 12:88) (Figure 4C). At 
25 °C, however, rac-2a·(Na+)2 was resistant to transformation 
even in the presence of more than 1000 equiv of water, mostly 
due to the high activation energy barrier for the rac-2a·(Na+)2-
to-meso-2b2-·(Na+)2 transformation (Figure S8). Hence, the 
formation of rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 can be con-
trolled by changing an amount of water in the reaction media 
upon heating. 
    Another rac-helicate bridged by a bis(µ-hydroxo) unit (rac-
2d2-·(Na+)2) (Figure 4A) could be generated in principle dur-
ing the hydration of the mono-µ-oxo-bridged rac-2a2-·(Na+)2 
while keeping its double-helical racemo-framework. However, 
the formation of rac-2d2-·(Na+)2 was not observed at all during 
the rac-2a2-·(Na+)2-to-meso-2b2-·(Na+)2 transformation at 25 
and 75 °C in aqueous CD3CN independent of the amount of 
water (Figures 4C and S8). The DFT calculated structures of a 
series of Ti(IV) helicates revealed that rac-2d2- is 14.9 
kcal/mol more unstable than the corresponding meso-2b2- heli-
cate probably due to its distorted doubly µ-hydroxo-bridged 
racemo-structure of rac-2d2-; all atoms of the Ti–(OH)2–Ti 
unit of meso-2b2– are approximately on the same plane (Figure 

S21b), whereas the Ti–(OH)2–Ti unit of rac-2d2– is disordered 
to retain its racemo-framework so that the two bridged µ-
hydroxo (OH) bonds bend out of the Ti–O2–Ti unit plane due 
to the steric repulsion with the neighboring biphenyl residues 
(Figure S21d), resulting in more twisted conformations of the 
central biphenyl residues (57.4°) than those of the meso-2b2– 
(15.4° (DFT calculated structure) and 5.0° (X-ray structure)) 
(see dihedral angle in Table 1). 
    In strong contrast to the spiroborate-based racemic helicates, 
such as rac-DH1BNaB-·Na+,29-32 various attempts to resolve the 
racemic Ti(IV) helicate rac-2a2-·(Na+)2 into the enantiomers 
by conventional diastereomeric salt formation using a variety 
of optically-pure ammonium salts, such as (S)-3+·I- and N-
benzylquininium chloride (QN+·Cl-), produced only diastere-
omeric crystals of racemic 2a2- (Figure 2a) as already de-
scribed. This is probably because of racemization catalyzed by 
water contained in the used solvent that rapidly took place 
during the optical resolution process. We note that racemiza-
tion or interconversion between the right- and left-handed 
double-helical enantiomers of 2a2- requires simultaneous 
cleavages of one of the four Ti–OPh bonds at each Ti(IV) 
center probably by the formation of an achiral meso interme-
diate (meso-2b2-), followed by reforming of the right- or left-
handed helicate (2a2-) (Figure S49) 
    We then followed the 1H NMR spectral changes of meso-
2b2-·(Na+)2 in the presence of 5 equiv of QN+·Cl- in CD3CN 
containing a moderate amount of water (64 equiv) at 25 °C 
with the expectation that the meso-2b2-·(Na+)2-to-rac-2a2-

·(Na+)2 transformation could proceed in a helix-sense selective 
manner, thereby producing an optically-active 2a2-·(Na+)2 with 
an excess of either a right- or left-handed double-helical struc-
ture in solution induced by the QN+ cations (Figure S50). The 
aromatic (Hc’ and Hd’) and t-Bu (Hk’) protons of meso-2b2-

·(Na+)2 split into two sets of nonequivalent signals with an 
equal intensity by the addition of the optically-pure QN+·Cl- 
because of its double-stranded meso-structure composed of 
mirror-imaged Ti(IV) stereocenters (D and L) in the molecule, 
and therefore, the aromatic and t-Bu protons become diastere-
otopic upon complexation with the optically-pure QN+ (Figure 
S50b,c). After storing the complex solution at room tempera-
ture for 4 days, 36% of the meso-2b2- was converted to the 
double-helical 2a2- that also displayed two sets of proton sig-
nals (He and Hk) with an approximately equal intensity due to 
the formation of a pair of diastereomers composed of right- 
and left-handed double-helices of 2a2- complexed with QN+ 
(Figure S50a,d), indicating that the double-helical 2a2- exists 
as a racemic mixture, as further supported by no circular di-
chroism (CD) signal in the Ti(IV) helicate chromophore re-
gion. These results indicated that the optically-pure QN+ could 
not assist the helix-sense-selective formation of an optically-
active 2a2- during the water catalyzed transformation from 
achiral meso-2b2-. 
    We then attempted direct enantioseparation of rac-2a2–

·(Na+)2 by HPLC64-66 using a series of chiral columns (Daicel, 
Osaka, Japan) under a variety of normal and reversed phase 
eluent conditions with UV and CD dual detectors. However, 
all attempted separations of rac-2a2–·(Na+)2 resulted in mostly 
single peaks with negligible CD intensity. The reason for this 
is not clear at present. However, during the chromatographic 
enantioseparation of rac-2a2–·(Na+)2, we observed significant 
tailing and fronting of a chromatographic peak when 
CHIRALPAK IA (Daicel, Osaka, Japan) was used as  
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Figure 4. (A) Structure of an unknown doubly µ-hydroxo-bridged racemo-helicate (rac-2d2–·(Na+)2). (B) 1H NMR spectra of meso-2b2–

·(Na+)2 (500 MHz, CD3CN containing H2O ([H2O]0/[meso-2b2–.(Na+)2]0 = ca. 10), 0.50 mM) measured at 25 °C before (a) and after heat-
ing at 75 °C for 330 min (b). (C) 1H NMR spectra of rac-2a2–·(Na+)2 (500 MHz, CD3CN containing H2O ([H2O]0/[rac-2a2–·(Na+)2]0 > ca. 
1000), 0.49 mM) before (a) and after heating at 75 ºC for 30 min (b), measured at 25 °C. (D) (a) Plots of the molar fractions of meso-2b2–

·(Na+)2 and rac-2a2–·(Na+)2 as a function of time during the meso-2b2--to-rac-2a2- transformation, estimated by 1H NMR spectral changes 
(see Figure S7). The solid lines are drawn to guide the eyes. (b) Transformation kinetics of meso-2b2–·(Na+)2. (E) CD and absorption spec-
tra of optically active 2a2–·(Na+)2 (f1 and f2) obtained by chromatographic enantioseparation, measured in CH3CN at 25 °C (see text and 
Figure S1). 
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Figure 5. (A) 1H NMR spectra of meso-2b2–·(Na+)2 (500 MHz, CD3CN containing H2O ([H2O]0/[meso-2b2–·(Na+)2]0 = ca. 9), 0.50 mM) in 
the presence of p-TsOH (0.10 equiv) measured at 35 °C before (a) and after heating at 35 °C for 48 h (b). (B) 1H NMR spectra of rac-2a2–

·(Na+)2 (500 MHz, CD3CN containing H2O ([H2O]0/[rac-2a2–·(Na+)2]0 > ca. 1000), 0.50 mM) in the presence of p-TsOH (0.10 equiv) be-
fore (a) and after heating at 35 °C for 5 h (b), measured at 35 °C. (C) (a) Plots of the molar fractions of meso-2b2–·(Na+)2 and rac-2a2–

·(Na+)2 as a function of time during the meso-2b2–-to-rac-2a2– (a) and rac-2a2–-to-meso-2b2– transformations (b), estimated by 1H NMR 
spectral changes. The solid lines are drawn to guide the eyes.  
 
a chiral column with CH3CN as the eluent at 25 °C (Figure S1). 
We then fractionated the peak into ten fractions and found that 
several fractions including the fraction 1 (f1) and fraction 2 
(f2) showed mirror-imaged CD spectra (Figure 4E). Hence, a 

pair of optically active 2a2–·(Na+)2 was successfully obtained, 
although their enantiomeric excess (ee) values were rather low 
(less than 10% ee) (Figure S1c). The resolved 2a2–·(Na+)2 
maintained their optical activities without racemization after 
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standing in CH3CN at room temperature for 60 days. To the 
best of our knowledge, this is the first example of a dinuclear 
Ti(IV) helicate showing an optical activity solely due to the 
helicity.18,54 The mono-µ-oxo bridge between the Ti(IV) ions 
of the 2a2– helicate composed of fully aromatic oligophenol 
ligands most likely contributes to stabilizing its double helical 
structure, thereby maintaining its optical activity once partially 
separated into enantiomers. 
 
Acid-Catalyzed Transformation between Racemo-2a2- and 
Meso-2b2- Helicates. Recently, we found that the racemization 
reaction of an optically active spiroborate-based double-
stranded helicate bearing a bisporphyrin unit in the middle was 
remarkably accelerated in aqueous organic solvents in the 
presence of a catalytic amount of para-toluenesulfonic acid (p-
TsOH), and proceeded below room temperature.67 Acid-
catalyzed transformations between rac-2a2-·(Na+)2  and meso-
2b2-·(Na+)2 were then investigated in CD3CN containing an 
appropriate amount of water as shown in Figure 4 in the pres-
ence of a catalytic amount of p-TsOH (0.10 equiv) (Figure 5 
and Section 5 in the SI). Interestingly, both the meso-2b2--to-
rac-2a2- and rac-2a2--to-meso-2b2- transformations proceeded 
at 35 °C and reached an equilibrium state within ca. 40 h (me-
so : racemo = 24:76) and 5 h (racemo : meso = 2:98), respec-
tively (Figure 5C). In the absence of p-TsOH, each transfor-
mation hardly took place or required a much longer time to 
reach an equilibrium (Figure S18). As a result, the formations 
of rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 were found to be con-
trolled using a catalytic amount of p-TsOH even at lower tem-
perature. 
 
Transformation between the Meso-2b2- and Meso-2c2- Heli-
cates. The crystal structure of the meso-2b2-·(Na+)2 revealed 
that the two Na+ ions significantly contribute to stabilizing its 
meso-structure through coordination to the oxygen atoms of 
the µ-OH and phenoxide groups (Figure 2b). We anticipated 
that if the coordinated Na+ ions could be removed from meso-
2b2-·(Na+)2 with the assistance of cryptand [2.2.1], the meso-
2b2-·(Na+)2 helicate would more efficiently convert to the rac-
2a2-·(Na+)2 helicate. Surprisingly, however, only a trace 
amount of rac-2a2- was produced upon the heating of a solu-
tion of meso-2b2-·(Na+)2 in the presence of cryptand [2.2.1] (4 
equiv) and ca. 12 equiv of water in CD3CN at 75 °C based on 
its 1H NMR spectrum (Figure S9a,b). Instead, one set of new 
signals (2c2-·(Na+Ì[2.2.1])2) appeared as a minor species with-
in 30 min (rac-2a2-:meso-2b2-:2c2- = 1:86:13). The newly gen-
erated third helicate (2c2-·(Na+Ì[2.2.1])2) was found to readily 
revert back to the original meso-2b2-·(Na+Ì[2.2.1])2 after 
standing at room temperature for 60 min, while the rac-2a2-

·(Na+Ì[2.2.1])2 proton signals remained unchanged (Figure 
S9c). This result indicated that the observed reversible trans-
formation takes place between meso-2b2- and 2c2- via a re-
versible dehydration/hydration under the present conditions 
using cryptand [2.2.1] and ca. 12 equiv of water. We then fol-
lowed the 1H NMR spectral changes of meso-2b2-·(Na+)2 in the 
absence of the cryptand [2.2.1] in anhydrous CD3CN (initial 
water content = 0.5 equiv) at 75 °C. Interestingly, only 2c2- 
was converted from meso-2b2-, reaching an equilibrium within 
5 min   (meso-2b2-:2c2- = 83:17) (Figure S10). 
    These results indicated that the meso-2b2-·(Na+)2 and rac-
2a2-·(Na+)2 are almost kinetically inert toward configurational 
transformation from each other in the absence of water and 
Na+ ions, and the Na+ ions play a crucial role as a counter cati-

on in stabilizing the meso-2b2- helicate framework, and at the 
same time, assisting the water-mediated cleavage/reformation 
of the Ti-OPh coordination bonds of the meso-2b2- and      
racemo-2a2- helicates. Based on these observations together 
with the high-resolution negative mode CSI mass result (see 
below), the third 2c2- helicate can be assigned to a mono-µ-oxo 
meso-helicate, generated from meso-2b2-·(Na+)2 via dehydra-
tion, thereby keeping its meso-framework (for further discus-
sion of the structure of the meso-2c2-·(Na+)2, see below). 
    The meso-2b2-·(Na+)2-to-meso-2c2-·(Na+)2 transformation 
was then investigated by 1H NMR in anhydrous CD3CN in the 
presence of cryptand [2.2.1] in combination with 3A molecu-
lar sieves in order to remove the Na+ ions coordinated to the 
meso-2b2- and water generated during the transformation, re-
spectively, which would accelerate the formation of the meso-
2c2- and further enhance the stability of the formed meso-2c2-. 
Otherwise, the formed meso-2c2- reverts back to the original 
meso-2b2- through a reverse hydration reaction. As expected, 
upon heating of an anhydrous CD3CN solution (initial water 
content = 0.5 equiv) of meso-2b2-·(Na+)2 in the presence of 
cryptand [2.2.1] (4 equiv) and 3A molecular sieves at 75 °C 
for 90 min, the dehydration of meso-2b2-·(Na+Ì[2.2.1])2 effi-
ciently proceeded to give meso-2c·(Na+Ì[2.2.1])2 as the major 
helicate (2b2-:2c2- = 6:94) (see SI for more detailed experi-
mental procedures). The transformation reached an equilibri-
um state after 90 min with the apparent rate constants for the 
forward (k1) and reverse reactions (k-1) of 1.21 × 10-3 and 1.02 
× 10-4 s-1, respectively (Figure S11). 
    To obtain more convincing evidence for the reversible de-
hydration and hydration reactions that take place during the 
transformation between the meso-2b2- and meso-2c2-, we 
monitored the changes in the amounts of water relative to its 
original amount of water contained in an anhydrous CD3CN 
solution of meso-2b2-·(Na+)2 during the transformation. The 
time-dependent 1H NMR spectral changes of meso-2b2-·(Na+)2 
in anhydrous CD3CN (initial water content = 0.4 equiv) in the 
presence of cryptand [2.2.1] (4 equiv) at 75 °C revealed that 
the molar fraction of the formed meso-2c2- increased in pro-
portion to the amount of the generated water, thereby decreas-
ing the molar fraction of the meso-2b2-. The meso-2b2--to-
meso-2c2- transformation reached an equilibrium at 75 °C after 
90 min (2b2-:2c2- = 17:83) (Figures 6a,b,d and S12a,c).68 Upon 
cooling to 25 °C, the backward meso-2c2--to-meso-2b2- trans-
formation slowly took place via hydration, giving a 78:22 mix-
ture of meso-2b2- and meso-2c2- helicates after 120 h (Figures 
6b,c,e and S12b,d), whereas no trace amount of the rac-2a2- 
was directly produced from meso-2c2-. The observed changes 
in the amounts of the in situ generated and consumed water 
during the transformations between the meso-2b2- and meso-
2c2- helicates estimated by 1H NMR are reasonably consistent 
with the calculated values (Figure S12c,d), clearly indicating 
that the meso-2c2-·(Na+)2 is generated by the dehydration of 
the meso-2b2-·(Na+)2. 
    Unfortunately, single crystals of meso-2c2-·(Na+Ì[2.2.1])2 
as well as those of meso-2c2-·(TBA+)2

69 suitable for an X-ray 
analysis could not be obtained, but direct evidence for the 
structure was obtained by CSI mass spectrometry (Figures S15 
and S17). The high-resolution negative mode CSI mass spec-
trum of the meso-2c2-·(Na+Ì[2.2.1])2 immediately after prepa-
ration from the meso-2b2–·(Na+Ì[2.2.1])2 via dehydration up-
on heating at 65 °C for 20 h exhibited two kinds of molecular 
peaks due to the monovalent anions of [meso-2c2- + Na+]-  
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Figure 6. Partial 1H NMR spectra (500 MHz, anhydrous CD3CN ([H2O]0/[meso-2b2–·(Na+Ì[2.2.1])2]0 = 0.40), 0.50 mM, 25 °C) of meso-
2b2–·(Na+)2 in the presence of 4 equiv of cryptand[2.2.1] before (a) and after heating at 75 °C for 90 min (b) followed by standing at 25 °C 
for 120 h (c) (for more detailed NMR spectral changes, see Figure S12a,b). Plots of the molar fractions of meso-2b2–·(Na+Ì[2.2.1])2 and 
meso-2c2–·(Na+Ì[2.2.1])2 as a function of time during the transformation at 75 °C (d), followed by standing at 25 °C (e), estimated by 1H 
NMR spectral changes (see Figure S12a and b, respectively). 
 
and [meso-2b2– + Na+]- centered at m/z 1619.69 and 1637.71, 
respectively, with approximately 18 (m/z) mass difference 
corresponding to one water molecule (Figure S15). Obviously, 
a small amount of the meso-2b2– was formed through hydra-
tion of the meso-2c2– at room temperature (Figure 6e) during 
the CSI mass measurement. Although the m/z value of the 
observed meso-2c2- molecular peak is identical to that of its 
diastereomer (rac-2a2-) (Figure S6a), the rac-2a2–

·(Na+Ì[2.2.1])2 was not produced at all under the present con-
dition as described above. Therefore, we can unequivocally 
determine the structure of the meso-2c2–, which is a diastere-

omer of the mono-µ-oxo bridged rac-2a2–, i.e., the mono-µ-
oxo bridged meso-2c2– helicate. 
    The 1H and 13C NMR spectra provided further useful infor-
mation that also supports the mono-µ-oxo-bridged meso-
structure. By comparing the 1H and 13C NMR spectra of the 
three helicates complexed with (Na+Ì[2.2.1])2 (Figures S2 and 
S3), the 1H and 13C NMR spectra of the meso-2b2- and meso-
2c2- helicates were very similar to each other because of the 
same meso-framework,70 in particular those of the biphenylene 
linker units (Hf – Hi protons in Figure S2 and C ring carbons 
in Figure S3), except for the aromatic protons (Ha) and car-
bons (A2 in ring A) at the ortho-position 
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Figure 7. Schematic illustrations of water-mediated reversible three-state structural changes between rac-2a2–·(Na+)2, meso-2b2–·(Na+)2, 
and meso-2c2–·(Na+Ì[2.2.1])2 helicates.  

of the terminal benzene rings of the strands (Figures S2 and 
S3; for complete proton signal assignments for meso-2c2-

·(Na+Ì[2.2.1])2, see COSY and NOESY spectra (Figures S35−
S39) and for complete 13C signal assignments, see HSQC and 
HMBC spectra (Figures S47 and S48)), whose proton and 
carbon chemical shifts were rather similar to those of the rac-
2a2-, probably due to the same mono-µ-oxo-bridged structure. 
    The DFT calculated structure of meso-2c2- displayed a 
slightly twisted conformation with the twist angle of ±12° 
(Table 1) as compared to the crystal and DFT calculated struc-
tures of meso-2b2- (twist angle = ±1° and ±5°, respectively) 
when viewed from the Ti–Ti axis (Figures 2b,c and S21b,c 
and Table 1). This is due to the increased rotational flexibility 
of the linear Ti–O–Ti bridge of the meso-2c2- with the Ti–O–
Ti bond angle of ca. 176° and the Ti–Ti distance of 3.6 Å (Ta-
ble 1), whereas the molecular motion of the Ti–(OH)2–Ti unit 
in the meso-2b2- is highly restricted due to the bis(μ-hydroxo) 
bridge. Therefore, the two biphenylene units in the middle of 
the strands of meso-2c2- also take a more twisted conformation 
(ca ±23°), so that the aromatic Ha protons and the correspond-
ing A2 carbons of meso-2c2- were likely affected by the ring 
current effect of the aromatic rings of the biphenyl linker of 
the other strand in a similar extent as the rac-2a2- (Figures 
S21a-c and S22).71 
 
Transformation between Rac-2a2-, Meso-2b2-, and Meso-
2c2- Helicates: Control of Three-State Helicates. As already 
discussed, the reversible transformation between the three 
discrete rac-2a2-, meso-2b2-, and meso-2c2- helicates is signifi-
cantly dependent on the water content in the reaction media, 
thereby enabling the control of three-state in a switch-like 
manner by changing the water content upon heating or cooling 
(Figure 7). At a high concentration of water, rac-2a2-·(Na+)2 
can be selectively transformed into meso-2b2-·(Na+)2 through 

hydration accompanied by the water-mediated Ti-OPh bond 
cleavage/reformation upon heating, whereas the corresponding 
structural isomer of meso-2b2-·(Na+)2, i.e., rac-2d2-·(Na+)2, 
was not produced at all because of its sterically hindered, dou-
bly µ-hydroxo-bridged racemo-structure as supported by the 
DFT calculations (Figure S21). On the other hand, meso-2b2-

·(Na+)2 readily converts to rac-2a2-·(Na+)2 in the presence of a 
moderate amount of water upon heating through dehydration 
coupled with the Ti-OPh bond cleavage/reformation catalyzed 
by water to form rac-2a2-·(Na+)2. The transformations between 
rac-2a2-·(Na+)2 and meso-2b2-·(Na+)2 were also possible in a 
controllable manner in the presence of a catalytic amount of p-
TsOH with an appropriate amount of water at 35 °C (Figure 5). 
    In anhydrous CD3CN, however, the meso-2b2-·(Na+)2 was 
further converted to another helicate while maintaining its 
meso-framework, namely meso-2c2-·(Na+)2, through dehydra-
tion upon heating because the Ti-OPh bond cleavage reaction 
of meso-2b2-·(Na+)2 is suppressed in the absence of water even 
at high temperature, thus selectively producing the moisture 
sensitive meso-2c2-·(Na+)2 instead of rac-2a2-·(Na+)2. This 
meso-2b2--to-meso-2c2- transformation was significantly pro-
moted in the presence of cryptand [2.2.1], which contributes to 
removing Na+ ions coordinating to the meso-2b2-, leading to 
the formation of the highly-active meso-2b2-·(Na+Ì[2.2.1])2 
species toward dehydration at high temperature. This specula-
tion was supported by the fact that the meso-2b2–·(TBA+)2-to-
meso-2c2–·(TBA+)2 transformation proceeded through dehy-
dration in the absence of cryptand [2.2.1] (Figure S13). Upon 
cooling, the backward meso-2c2--to-meso-2b2- transformation 
readily proceeds via hydration, thus this reversible transfor-
mation between meso-2b2- and meso-2c2- can be controlled by 
temperature resulting from thermoresponsive dehydra-
tion/hydration. 
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    Although the reversible transformations between rac-2a2- 
and meso-2b2- and between meso-2b2-·(Na+)2 and meso-2c2-

·(Na+)2 take place via direct pathways, the transformation 
(isomerization) between the structural isomers of rac-2a2- and 
meso-2c2- proceeds in a stepwise manner through the for-
mation of the meso-2b2- intermediate. This is because (1) a 
moderate amount of water with or without a catalytic amount 
of an acid is indispensable for the transformation between the 
rac-2a2- and meso-2b2- helicates in order to cleave at least one 
of the eight Ti–OPh bonds at the two Ti(IV) centers, followed 
by reforming of the rac-2a2- and meso-2b2- helicate, and (2) 
the moisture-sensitive meso-2c2- readily undergoes hydration 
to form the meso-2b2- in the presence of a moderate amount of 
water. 

CONCLUSION  
In summary, we have demonstrated a unique three-state mo-
lecular control based on the reversible transformations be-
tween the three discrete double-stranded dinuclear Ti(IV) heli-
cates possessing a mono-µ-oxo (rac-2a2- and meso-2c2-) or a 
bis(µ-hydroxo) (meso-2b2-) bridging ligand that can be regu-
lated by changing the water content coupled with temperature. 
The single-crystal X-ray and DFT calculated structures of the 
helicates together with the 1D and 2D NMR and CSI mass 
measurement results revealed the structural and mechanistic 
details of the reversible transformations between the three 
different helicates. We found that water molecules play key 
roles as a reactant, product, and catalyst during the hydration, 
dehydration, and dynamic cleavage/reformation of the Ti-OPh 
bonds, respectively. A large amount of water promotes the 
hydration accompanied by the reversible Ti-OPh bond cleav-
age/reformation upon heating, thereby inducing the transfor-
mation of the mono-µ-oxo-bridged racemo-helicate (rac-2a2-) 
into the bis(µ-hydroxo)-bridged meso-helicate (meso-2b2-), 
whereas the reverse transformation proceeds by reducing the 
water content to a moderate level at a high temperature. This 
reversible meso-2b2--to-racemo-2a2- transformation can be 
controlled over switching off by removal of the water because 
the cleavage of the Ti-OPh bonds is completely prevented in 
the absence of water, thus dehydration of the bis(µ-hydroxo) 
bridged meso-2b2- preferentially proceeds to form the mono-µ-
oxo bridged meso-helicate (meso-2c2-) while maintaining the 
meso-framework upon heating. A further reversible transfor-
mation readily takes place upon cooling. The reversible trans-
formations between the rac-2a2- and meso-2b2- helicates are 
also promoted in the presence of a catalytic amount of an acid 
with an appropriate amount of water, which remarkably accel-
erates the reactions at lower temperature. 
    These findings may provide not only a mechanistic insight 
into a water-mediated and/or an acid-catalyzed transformation 
of dinuclear metal complexes possessing bridging ligands but 
also a means for the rational design of supramolecular multi-
nuclear metal catalysts whose catalytic activity and substrate 
selectivity would be controlled by the water-mediated and/or 
acid-catalyzed transformation. However, there is no precedent 
for asymmetric or catalytic reactions with dinuclear Ti(IV)-
based helicates as a catalyst in the literature. This is probably 
because almost all Ti(IV)-based helicates prepared so far have 
a saturated six-coordination Ti(IV) geometry. Therefore, their 
catalytic activities will not be expected. Among three helicates, 
the rac-2a2–·(Na+)2 has a five-coordinate Ti(IV) geometry with 
a site of unsaturation. Therefore, its enantioselective catalytic 

activity will be expected72 after complete separation of race-
mic rac-2a2–·(Na+)2 into optically pure enantiomers. Work to 
this goal is now in progress in our group. 
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